Starch is the major non-structural carbohydrate in plants. It serves as an important store of carbon that fuels plant metabolism and growth when they are unable to photosynthesise. This storage can be in leaves and other green tissues, where it is degraded during the night, or in heterotrophic tissues such as roots, seeds and tubers, where it is stored over longer time periods. Arabidopsis accumulates starch in many of its tissues, but mostly in its leaves during the day. It has proven to be a powerful genetic system for discovering how starch is synthesised and degraded, and new proteins and processes have been discovered. Such work has major significance for our starch crops, whose yield and quality could be improved by the application of this knowledge. Research into Arabidopsis starch metabolism has begun to reveal how its daily turnover is integrated into the rest of metabolism and adapted to the environmental conditions. Furthermore, Arabidopsis mutant lines deficient in starch metabolism have been employed as tools to study other biological processes ranging from sugar sensing to gravitropism and flowering time control. This review gives a detailed account of the use of Arabidopsis to study starch metabolism. It describes the major discoveries made and presents an overview of our understanding today, together with some as-yet unresolved questions.
INTRODUCTION
Starch is a storage carbohydrate widely synthesised in the plant kingdom and is composed of homopolymers of glucose. In Arabidopsis, as in most vascular plants, starch plays an important role in the day-to-day carbohydrate metabolism of the leaf. It is one of the primary products of photosynthesis in the chloroplast and serves to buffer the changing availability of photosynthates resulting from the diurnal cycle of light and dark. The starch accumulated during the day is degraded during the subsequent night, providing a continued supply of carbohydrate in the absence of photosynthesis. Thus, leaf starch can be seen as a short-term carbohydrate reservoir and is often termed 'transitory starch'. The partitioning of photoassimilates into transitory starch varies from species to species. Arabidopsis partitions up to half of its assimilates into the starch pool (Zeeman and Ap Rees, 1999) . This is important for normal growth in a diurnal cycle and is finely controlled to suit the growth conditions . In order to understand how photoassimilates are used for plant growth and metabolism, it is essential to consider the fluxes into and out of the starch pool (Smith and Stitt, 2007; Wiese et al., 2007) .
Starch also accumulates in non-photosynthetic tissues of plants, such as seeds, roots and tubers. This so-called "storage starch" is deposited in amyloplasts of heterotrophic cells serving as a medium-to long-term energy source to fuel growth processes upon germination or sprouting. In Arabidopsis, many nonphotosynthetic cell types also synthesise starch, but there are no major starch storage organs comparable to the roots of cassava or tubers of potato. Starch does accumulate transiently in developing Arabidopsis seeds, but the primary carbon store in wildtype seeds is lipid (Andriotis et al., 2010; Li-Beisson et al., 2010) and starch is almost absent at seed maturity. Nevertheless, Arabidopsis has proven to be a valuable system for studying starch metabolism. Genome studies reveal a high level of conservation in genes involved in starch metabolism between Arabidopsis and distantly related species such as cereals (Ball and Morell, 2003; Patron and Keeling, 2005) , and much of what we have learned about the metabolism of transitory starch is relevant for understanding the metabolism of storage starches.
It is important to emphasise how vital storage starch is for our civilization. On average, about 50% of our daily calories are received from starch. Most is gained from the cereal crops (e.g. maize, wheat, rice) and from root or tuberous crops (e.g. cassava, potato). Additionally, a percentage of the starch produced by our crops is extracted (predicted to reach 75 million tons in 2012, International Starch Institute; http://www.starch.dk/) and used in many industrial applications (e.g. paper-, textile-, and pharmaceutical-industries). Recently, starch crops have become more important in economic terms due to their use as raw material to produce bioethanol. Given the importance of starch, it is surprising that we still do not fully understand its precise molecular structure, how it is made, and what determines the amount plants accumulate. The mapping of naturally occurring mutations that change starch content and/or properties in crops (such as maize, rice, and pea) identified the first genes coding for enzymes important in starch synthesis (e.g. Bhattacharyya et al., 1990; James et al., 1995; Gao et al., 1998) . Now, such questions are also being addressed in Arabidopsis and other model systems such as Chlamydomonas reinhardtii. One of the obvious drawbacks of these model systems is that functional studies of starch properties can be difficult given the small amounts of starches they yield. Nevertheless, discoveries from these systems are extremely promising and can be readily tested in crop plants through directed breeding and biotechnological approaches. The future production of crop plants with increased starch content will help to offset the pressure on agriculture resulting from the increased use of starch crops for non-food purposes, while novel varieties could contain 'customized starches' specifically suited to industrial needs (Kossmann and Lloyd, 2000; Burrell, 2003; Zeeman et al., 2010; .
THE USE OF ARABIDOPSIS MUTANTS AS A TOOL TO STUDY STARCH BIOSYNTHESIS
Research into starch metabolism in Arabidopsis leaves began in the mid-1980s, with the first genetic screens for plants with altered starch levels (Caspar et al., 1985) . These studies, together with subsequent functional genomics approaches, have been instrumental in confirming the pathway of starch synthesis, in elucidating the pathway of starch breakdown, and in studying the factors that determine starch structure and properties (Zeeman et al., 2007) .
The classical approach to screen for mutations affecting starch content involved the production of randomly mutagenized populations via irradiation (e.g. X-rays or fast neutrons) or chemical mutagens (e.g. ethylmethylsulfonate) . In the second generation (M 2 ), screens for recessive, starch-related phenotypes were performed on individual plants by staining detached, ethanol-decolourised leaves with an iodine/potassium iodide solution. Iodine stains starch because the iodine molecules align within the secondary structures adopted by the glucose polymer chains (i.e. single and double helices; see Section 3 below). Although iodine staining is not quantitative, comparison with wild-type plants at specific times during the diurnal cycle allows the identification of plants with less starch or more starch than normal (Caspar et al., 1985; Figure 1A) . It is also possible to use iodine staining to detect plants with altered starch structure, as this can affect the absorption spectrum of the iodine/starch complex (Zeeman et al., 1998b; Figure1A) .
Iodine staining at the end of the light phase, when starch content in the wild type reaches its peak, was used to isolate several Arabidopsis lines with greatly decreased starch levels ( Figure 1A ). These lines carry mutations in one of four genes encoding plastidial enzymes linking the Calvin cycle and starch biosynthesis (see Table 1 and Section 4.2, below). Mutants deficient in some of these enzymes have also been identified in other species such as tobacco (Hanson and McHale, 1988) , pea (Harrison et al., isa1
wild type pgm1 (A) Pattern of starch accumulation in wild-type Arabidopsis during the day (yellow) and night (grey). Inset above; images of a wild-type plant, a low-starch mutant (pgm1 -lacking plastidial phosphoglucomutase) and an altered starch structure mutant (isa1 -lacking isoamylase 1) harvested at the end of the day, decolourised in hot ethanol and iodine-stained.
(B) A scheme to illustrate the development of a starch-excess phenotype based on a decreased rate of night-time degradation. Starch synthesis during the day and degradation at night are balanced in the wild type (black line). In the starch excess line, more starch is made during the day than is broken down at night (red line). Inset right; images of a wild-type plant and a starch-excess mutant (sex1 -lacking glucan, water dikinase), harvested at the end of the night and iodine-stained, as in A. 1998), Mesembryanthemum crystallinum (Cushman et al., 2008) , Chlamydomonas reinhardtii (Ball et al., 1991) , Lotus japonicus (Vriet et al., 2010) , and rice (Rösti et al., 2007) . The screen for starch-excess (sex) mutants differs only in that leaf starch content is visualized at the end of the dark phase, when the wild-type has metabolized almost all of its starch ( Figure 1B ). Mutants which still contain starch at the end of the night are assumed to have either decreased starch breakdown ( Figure 1B ) or increased starch synthesis rates. Numerous sex lines have been isolated and the The identification of the mutated genes has greatly improved our understanding of the process of starch breakdown (see Table  2 and Section 5, below). Several previously unknown proteins have been identified using this unbiased approach. However, the combination of classical genetics and iodine staining also has its limitations. There is functional overlap between the enzymes involved in starch metabolism and/or redundancy at the genome level, meaning that single gene mutations obtained by classical genetics will not always yield a starch phenotype. Furthermore, iodine staining is semi-quantitative at best and it is difficult to pick out mutants with subtle phenotypes using this method. The functional analysis of specific target genes through reverse genetics (i.e. using publicly-available T-DNA insertion lines, or TILLING approaches to generate knockout mutants) have complemented classical genetics. Issues of functional overlap and redundancy can be readily addressed through the generation of multiple mutant combinations.
A sex phenotype is not always directly associated with proteins involved in starch breakdown. Mutants lacking proteins involved in transporting starch breakdown products out of the chloroplast or metabolizing them in the cytosol also have sex phenotypes (see Section 5.8, below) . This indicates that a feedback inhibition of starch breakdown occurs when mutations downstream in the pathway result in the accumulation of starch degradation intermediates. Other mutant plants can also show unexpected or pleiotropic sex phenotypes. For example, mutations affecting the triose-phosphate/phosphate translocator (TPT) cause a mild sex phenotype (Schneider et al., 2002) . This results from an increased rate of starch synthesis due to the reduced export of the triose-phosphate from the chloroplast during photosynthesis. Mutant alleles of GIGANTEA (which encodes a protein involved in circadian clock function and flowering time regulation; Mizoguchi et al., 2005) , also have a sex phenotype, as do plants deficient in the Snf1-related protein kinases KIN10 and KIN11 (Baena-Gonzalez et al., 2007) . In these cases, it is unclear exactly how the increased starch content of the leaves is brought about. Further analyses of such mutants might be extremely helpful in evaluating the connections between the pathways of starch metabolism and the signalling pathways that regulate them.
THE STRUCTURE OF STARCH
Starch is a remarkable substance. It is simple in composition, yet complex in structure. Starch is almost entirely made up of the two glucose polymers: amylopectin and amylose. The glucosyl units are linked via α-1,4-glucosidic bonds to form linear chains. These chains are linked via α-1,6-glucosidic bonds -so-called branch points -which appear on average every 20-25 glucose units in amylopectin (although the lengths of individual chains can vary from 6 to more than 100 glucose units). The resulting molecule consists of 100`000 to 1`000`000 glucosyl units. In contrast, amylose is a smaller molecule (typically around 1`000 glucosyl units) and contains far fewer branch points. Amylopectin accounts for 70-90% of the granule weight of most starches, and forms a semicrystalline matrix that results in insoluble granules. Amylose is synthesised within the matrix formed by amylopectin (Denyer et al., 2001) . The final granule represents a very dense and stable form of carbohydrate, presumably conferring an evolutionary and physiological advantage over the accumulation of soluble carbohydrates.
Starch granules can range in size from 1-2 μm in Arabidopsis leaves up to 100 μm in storage organs such as potato tubers. Starch granule morphology is highly diverse amongst different species (Figure 2 ). For example, rice has polygonal, compound granules whereas potato has smooth, round granules (Jane et al., 1994) . Leaf starch granules from various species are typically lenticular or discoid, forming between the thylakoid membranes. The factors governing the differences in granule number and form have not been fully elucidated, although mutations affecting specific starch synthesising enzymes sometimes alter granule morphology. In addition to the constituent glucans, starch granules contain trace amounts of proteins, lipids and ions (the amounts of which vary depending on starch source).
It is widely accepted that amylopectin molecules are radially oriented within starch granules. Each molecule has a single reducing end oriented towards the centre of the granule, with the non-reducing ends, where chain elongation occurs, pointing towards the surface. The chains within amylopectin molecules can be categorised into A-chains (external chains of 6 to 16 glucose units carrying no branch points), B-chains (longer chains carrying one or more branch point; Figure 3) , and the C-chain (the single B-chain with a reducing end). Current models for amylopectin suggest that it has a tree-like, racemic architecture, resulting in clusters of neighbouring, unbranched chain segments, although variants on this model have been proposed (Pérez and Bertoft, 2010) . The architecture of amylopectin -that is the distribution and frequency of branch points and chain lengths -enables it to adopt an insoluble form. This ability is based on the formation of double helices between neighbouring chains within clusters. The architecture further allows the double helices to align into ordered crystalline arrays or lamellae (Figure 3) .
Within the crystalline lamellae, the double helices pack in a dense 'A-type' or a looser 'B-type' arrangement ( Figure 3) . Some starches contain a mixture of A-and B-type and are designated as 'C-type'. The starch type seems to be determined by the underlying amylopectin structure, allowing different packing (Hizukuri, 1985) . Between two crystalline lamellae is an amorphous lamella that contains most of the branch points. The alternation of crystalline and amorphous lamellae is repeated with a periodicity of 9 nm ( Figure 3 ; Jenkins et al., 1993; Zeeman et al., 2002) . There are currently two models for the macro organization of amylopectin clusters within the starch granule. Oostergetel and Vanbruggen (1993) proposed that aligned double helices form a left handed superhelix with an 18-nm diameter and a 9-nm pitch of the lamellae. This model was based on electron optical tomography and cryo-electron diffraction experiments. The second model, based on microscopic observations, proposes spherical substructures or 'blocklets' of 20-500 nm diameters, depending of the starch (Yamaguchi et al., 1979; Gallant et al., 1997) . Higher-order structures called growth rings (as they resemble tree growth rings; Figure 3) are present in starch granules. Growth rings can be readily observed in large storage starch granules (see Pilling and Smith, 2003) , and references therein). It is still unclear whether growth rings reflect periodic growth of the granule or simply a structural feature. Wild-type transitory starch granules from leaves are usually very small and thus may comprise only a single growth ring (Zeeman et al., 2002) . However, growth rings can readily be seen in larger transitory starch granules such as those produced in some sex mutants. Growth rings are typically visualized by light microscopy after staining with a very dilute iodine solution, or by scanning electron microscopy after partial digestion of cracked starch granules with acid or amylolytic enzymes.
The ability of amylopectin to adopt secondary and tertiary structures distinguishes it from glycogen, the analogous storage carbohydrate in animals, fungi and bacteria. Glycogen is also an α-1,4-and α-1,6-linked glucan. However, it has more α-1,6-branch points and shorter α-1,4-linked chains. This precludes the formation of secondary structures like those seen in amylopectin (i.e. the organised arrays of double helices, see Figure 3 ) and thus glycogen remains water soluble. Amylopectin biosynthesis is more complex than glycogen biosynthesis and evolved early in the chloroplastida. This involved the duplication and specialisation of chain elongating and branch-forming enzymes and the recruitment of an additional enzyme to tailor their products (Deschamps et al., 2008; Ball et al., 2011) .
Amylose, the second glucan in starch, accounts for 10-30% of the granule mass. Amylose is thought to adopt a single helical structure randomly orientated within the amorphous lamella. It could be viewed as 'filling up' the space in the amylopectin matrix (Kozlov et al., 2007) . Many studies have shown that amylose is not required for starch granule formation, as mutant plants in which amylose synthesis is abolished still form starch granules (Tsai, 1974; Shure et al., 1983) . However, there is much interest in amylose synthesis as amylose content has a profound impact on the functional properties of starch (e.g. during cooking of starchy foods, or when starch-based pastes are used in industrial processes; see Singh et al., 2003 and references therein) . (A) Wheat endosperm starch granules, bimodal size distribution (adapted from Li et al., 2011) . B. Maize endosperm starch granules (adapted from Kubo et al., 2010) . C. Rice endosperm starch granules, polygonal form (adapted from Kubo et al., 2005) . D. Potato tuber starch (adapted from Bustos et al., 2004) . E. Cassava root starch, cup shaped granules (adapted from Ceballos et al., 2008) . F. Arabidopsis leaf starch, ellipsoid shaped granules. Scale bars = 10 μm.
STARCH BIOSYNTHESIS

Starch Biosynthesis in Leaves
Most of the research conducted on starch metabolism in Arabidopsis focuses on leaf starch, which is made in relatively large amounts during the day in the photosynthetic palisade and spongy mesophyll cells (Figure 4 ). However, many other cell types, both in leaves and other organs, also synthesise starch in their plastids. Starch is synthesised in epidermal cells, in stomatal guard cells and in the bundle sheath cells (Figure 4 ) surrounding the vasculature (in Arabidopsis and other C3 plants the bundle sheath is present, but is not as pronounced, nor functionally specialised in the same way as in C4 plants such as maize). Starch is also made in the shoot endodermis (sometimes even referred to as the 'starch sheath') and in the columella cells of the root (Bottom) The double helices of amylopectin arrange into ordered crystalline lamellae of two types, designated as A-type (tightly packed, typical of cereal endosperm starches), and B-type (open hexagonal pattern with a central, water-filled space, typical of tuber and leaf starches). The average external chain length is believed to influences the type of packing. Crystalline lamellae alternate with amorphous lamellae (containing the branch points) with 9-nm periodicity to form blocklets of 20-500 nm diameter (not shown; see text). These blocklets make up the growth rings that are visible with light and electron microscopy. Image adapted from Zeeman et al. (2010) with permission from Annual Reviews.
( Figure 5 ). In both of these locations, the starch-containing plastids serve as gravity sensing statoliths (see Section 7, below). Several floral tissues make starch, including the nectaries and the stamen filaments (Ren et al., 2007) . Starch accumulates in the early stages of Arabidopsis pollen development, although mature pollen is virtually starch free (Kuang and Musgrave, 1996; Tang et al., 2009 ). This contrasts with other species, such as maize, where mature pollen is rich in starch reserves (Datta et al., 2002) . The female gametophyte also contains starch, as do many tissues of the developing seed (both embryo and maternally derived tissues). Starch accumulation is often transitory, occurring at a specific developmental time. It is possible that starch biosynthesis serves a means to temporarily increase the local sink strength and draw in a reserve of carbohydrate, which can drive the subsequent metabolic or growth process (e.g. da Silva et al., 1997) . Some tissues appear not to contain starch (e.g. root hair, mature seed, mature embryo, hypocotyl cortex). However, in sex mutants where starch degradation is compromised (see Section 5), these same tissues do contain excess starch (Vitha et al., 2007; Andriotis et al., 2010) . This implies that there is either active starch turnover in these cell types or that starch is retained from an earlier point in development and cellular differentiation. 
GC
In the leaves of Arabidopsis grown in typical laboratory conditions (e.g. a 12-h photoperiod with a light intensity of 150 μmoles of photons m -2 s -1 ) starch accumulates during the day at a relatively constant rate, amounting to around 10 mg starch g -1 fresh weight by the end of the day ( Figure 1A ). During the subsequent night almost all the starch is degraded, also at a fairly constant rate ( Figure 1A) , to supply substrates for respiration and precursors for biosynthesis. In the past, leaf starch has been viewed as an overflow for photosynthesis -a carbohydrate pool which is built up when more sugars are available than are needed for storage in the vacuoles and for export from the leaf. While this may hold true for some species, it is probably not entirely correct for Arabidopsis. Reducing the light intensity in which Arabidopsis plants are grown reduces photosynthesis, starch accumulation and plant growth in a co-ordinated manner (Caspar et al., 1991; Schulze et al., 1991; Sun et al., 1999) . This suggests that Arabidopsis partitions a fraction of its assimilates into starch even in situations of low photosynthesis. Furthermore, the amount of starch synthesised differs depending on the environmental conditions, as shown by growing Arabidopsis in different light/dark regimes (Gibon et al., 2004a; Lu et al., 2005; Smith and Stitt, 2007; Stitt et al., 2007) . Starch metabolism is important for the optimal growth of Arabidopsis in a diurnal cycle . This is clearly illustrated by the severe slow-growth phenotypes of mutants unable to make starch, or unable to efficiently degrade it. The longer the night, the more compromised is the growth of such mutants. However, continuous illumination rescues this slow-growth phenotype in most cases, further illustrating that the function of transitory starch is to support night-time metabolism (Caspar et al., 1985) . There is also tight relationship between starch metabolism and plant growth amongst different wild-type plants. In a study of natural Arabidopsis accessions, all of which accumulate starch, there was an inverse correlation between degree of starch accumulation and biomass accumulation . Those accessions that grew fastest invested less in starch than slowgrowing accessions, which had the highest starch levels. There are several possible explanations for this relationship: growth at night involves the utilisation of reserves for respiration as well as for biosynthetic precursors. During the day, energy and reducing power for biosynthesis may be provided via the light reactions of photosynthesis, so daytime growth may involve a lower 'cost' in terms of photoassimilates. Incomplete mobilisation of starch reserves would also compromise growth as it would mean that assimilated carbon, which could be used for the production of new photosynthetic biomass, languishes as an unproductive storage compound Pantin et al., 2011) . Conversely, premature exhaustion of carbohydrate reserves could also be detrimental for growth and it might trigger a starvation response in which valuable cellular components (e.g. lipids and proteins) are degraded to support cellular housekeeping activities and keep the plant alive (Koch, 1996; Buchanan-Wollaston et al., 2005) . Thus, fine control over the metabolism of stored reserves is critical to a plant's competitiveness.
The Precursor for Starch Biosynthesis in Leaves
The substrate for starch synthesis in higher plants is the activated glucosyl donor, ADP-Glucose (ADPGlc). In photosynthetically active cells, the supply of ADPGlc is linked directly to the Calvin cycle via three enzymatic steps ( Figure 6 and Table 1 ). Fructose-6-phosphate (Fru6P), an intermediate of the Calvin Cycle, is converted to glucose-6-phosphate (Glc6P) by plastidial phosphoglucose isomerase (PGI). Plastidial phosphoglucomutase (PGM1) converts Glc6P into glucose-1-phosphate (Glc1P). The last step is catalysed by ADP-glucose pyrophosphorylase (AGPase), which converts Glc1P and ATP into ADPGlc and inorganic pyrophosphate (PP i ). All three steps are readily reversible under cellular conditions, but the last step is rendered irreversible by the immediate hydrolysis of PP i to orthophosphate (P i ) by plastidial alkaline pyrophosphatase (Weiner et al., 1987; George et al., 2010) . Arabidopsis mutants in which the activities of PGI, PGM1 or AGPase are reduced or abolished have greatly reduced levels of leaf starch (Caspar et al., 1985; Lin et al., 1988b; Yu et al., 2000) . Therefore, it was concluded that the whole pathway resides in the chloroplast (Figure 6 ).
The pathway described above is widely accepted and strongly supported by genetic and biochemical data obtained from different plant species. However, some experimental data do not entirely fit with the idea of one exclusive pathway. For example, while mutants such as pgm1 (lacking plastidial phosphoglucomutase; Caspar et al., 1985; Kofler et al., 2000) and adg1 (lacking APS1 -the small subunit of AGPase; (Lin et al., 1988b ) have been generally described as 'starchless' or 'starch-free', they actually contain small amounts of starch in their chloroplasts implicating another source of precursors (Vitha et al., 2000; Streb et al., 2009; Tsai et al., 2009) . Furthermore, it has been reported that ADPGlc levels are unchanged in pgm1 and adg1 mutants (Muñoz et al., 2005) . These, and other observations, have renewed the debate about the pathway -or pathways -of starch synthesis in leaves and in heterotrophic organs (Muñoz et al., 2006; Streb et al., 2009) . It is conceivable that ADPGlc could be synthesised by residual or alternative enzyme activities in each mutant. For example, AGPase is a heterotetramer of 'small' catalytic subunits and 'large' regulatory subunits, which are related in amino acid sequence. The adg1 mutant lacks the small subunit, but some isoforms of the large subunit have been shown to possess limited catalytic activity and may be present (although no AGPase activity has been detected in adg1; Lin et al., 1988b; Ventriglia et al., 
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Carbon assimilated via the Calvin cycle is partitioned with a fraction exported to the cytosol for sucrose synthesis and a fraction retained in the chloroplast for starch synthesis. Redox and allosteric regulation of the enzyme AGPase controls the flux of carbon into starch. Mutants deficient in plastidial PGI, PGM1 and AGPase have major reductions in starch contents, although small amounts remain, suggesting an alternative minor route (see text). Image reprinted from Zeeman et al. (2007) with permission from Portland Press.
2008). Alternatively, substrates may be imported into the plastid to support starch biosynthesis. Limited import of Glc1P into the chloroplast (Fettke et al., 2011) could explain the small amounts of starch observed in pgm1 mutants, but not adg1 mutants. It has also been suggested that ADPGlc could be synthesised by sucrose synthases (SuSy) in the cytosol and imported in the chloroplasts (Muñoz et al., 2005) . SuSy is able to produce ADPGlc and fructose from sucrose and ADP in vitro (Delmer, 1972) , although its normal function is considered to be the production of UDPGlc and fructose from sucrose and UDP. Quadruple mutant plants lacking SuSy in all cell types except phloem sieve elements synthesise normal amounts of leaf starch (Barratt et al., 2009 ). This suggests that even if SuSy does produce ADPGlc in the cytosol of mesophyll cells, it is not required for normal rates of starch synthesis.
The situation differs in the developing endosperms of cereal seeds (e.g Zea mays). In this case, ADPGlc is synthesised in the cytosol and transported into the plastid by the Brittle1 protein (BT1) in counter-exchange with ADP (Kirchberger et al., 2007) . However, a cytosolic form of AGPase rather than SuSy is responsible for ADPGlc production in these tissues. This cytosolic pathway may be specific to the cereals -there is no evidence for cytosolic AGPase in Arabidopsis and the closest homologue of the BT1 in Arabidopsis (AtBT1) transports AMP, ADP and ATP but not ADPGlc (Kirchberger et al., 2008) . Thus, while most data support the idea that the plastid localised pathway shown in Figure  6 is the major source of substrates for starch synthesis, it is clear that this pathway is not fully characterised and that there may be minor sources of carbohydrate derived from elsewhere.
The Regulation of Carbon Flux into Starch
The rate of starch biosynthesis in Arabidopsis leaves is finely controlled to balance the utilisation of photoassimilates with their storage for the night. Plastidial AGPase is strongly regulated through allosteric and redox control and the activity of this enzyme probably determines the flux of carbon into starch. As mentioned previously, AGPase is a heterotetramer composed of two large and two small subunits. The Arabidopsis genome encodes two small subunits, APS1 and APS2 (though APS2 is thought to be non-functional; Crevillén et al., 2003) , and four large subunits (APL1, APL2, APL3, APL4, see Table 1 ). Distinct subunit compositions between APS1 and the APL isoforms confer different kinetic and regulatory properties to the heterotetramer (Crevillén et al., 2003) . The AGPase small subunit is generally regarded as the catalytic subunit and the large subunit as a regulatory subunit. However, APL1 and APL2 were recently shown to be catalytically active in the presence of a mutated, non-catalytic small subunit, while APL3 and APL4 were inactive (Ventriglia et al., 2008) . APS1 and APL1 are highly expressed in photosynthetic tissues and may therefore play the dominant role in leaves. This is substantiated by the fact that both mutants (adg1 and adg2, respectively) show greatly reduced AGPase activity and have decreased starch contents (Lin et al., 1988a; 1988b) . The adg2 phenotype is less severe than that of adg1, because the residual APS1, possibly functioning with other APL isoforms, still affords 5% of the wild type AGPase activity (Lin et al., 1988a) . APL3 and APL4 gene expression is inducible by treatment with exogenous sugars (e.g. sucrose) and both are thought to be involved in starch synthesis in heterotrophic cells (e.g. roots; Fritzius et al., 2001; Crevillén et al., 2005; Ventriglia et al., 2008) .
The paradigm for AGPase regulation is that the enzyme is activated by 3-phosphoglycerate (3-PGA), an intermediate in the Calvin cycle (and an indicator of photosynthetic carbon assimilation), and inhibited by P i (Iglesias et al., 1993) . A high ratio of 3-PGA:P i activates AGPase, promoting the synthesis of starch. This mechanism plays an important role in fine tuning the partitioning between sucrose and starch synthesis in many plants (Stitt and Quick, 1989) . Specifically, when photosynthetic rate exceeds the requirements for sucrose export and storage, a buildup of phosphorylated intermediates in the cytosol feeds back to restrict export from the chloroplast. The resultant increase in 3-PGA and decrease in P i activates starch biosynthesis, allowing photosynthesis to continue at high rates.
AGPase is also redox regulated via the reversible formation of an inter-molecular disulfide bridge between the cysteine 81 residues in the N-terminal parts of the small subunits. In its oxidised form, the enzyme is less active. When reduced, and the disulfide bridge is broken, the enzyme is activated and the affinity for its substrates increases (i.e. the K m decreases; Fu et al., 1998) . In Arabidopsis leaves, redox-activation occurs during the day, presumably mediated by thioredoxins and driven by reducing power derived from photosystem I. Replacement of the endogenous small subunit with a redox-insensitive form (in which the redoxactive cysteine is replaced with a serine) was performed independently by two groups. Hädrich et al. (2012) reported a degree of deregulation in starch synthesis, with slightly elevated starch levels, while Li et al. (2012) reported no change in starch levels. Interestingly, both studies revealed that the amount of the redoxinsensitive protein was considerably lower than the wild type protein, suggesting instability or degradation of the mutant version. Furthermore, Hädrich et al (2012) reported increased maltose levels throughout the diurnal cycle. It is possible that the induction of concomitant starch degradation, could balance to some extent the deregulation in synthesis (Hädrich et al., 2012) .
The extent of redox-activation of AGPase is also influenced by metabolites, independently of light. In this case, redox activation is probably mediated by the plastid-localized NADP-thioredoxin reductase C (NTRC; Michalska et al., 2009 ). In potato, high levels of glucose and sucrose increase both the AGPase activation state and starch synthesis. The signalling processes have been proposed to occur through hexokinase for glucose and through SnRK1 kinases for sucrose (Tiessen et al., 2003) . Furthermore, there is evidence that trehalose-6-phosphate (Tre6P) acts as a signalling intermediate in the sucrose-dependent activation of AGPase (Kolbe et al., 2005; Lunn et al., 2006) , and that levels of this metabolite might provide a direct link between sucrose and starch metabolism. However, the details of this mechanism remain to be elucidated. Overall, the convergence of regulation on AGPase strongly suggests that it is an important checkpoint determining how much starch should be made to supply the plant in the subsequent night, and how much carbohydrate the plant should use for growth during the day (Smith and Stitt, 2007) . This is consistent with earlier observations that introduction of a deregulated, bacterial form of the enzyme can increase starch synthesis in plant tissues (Stark et al., 1992; Sweetlove et al., 1996) .
The Biosynthesis of Amylopectin and Semi-Crystalline Starch Granules
Three classes of enzymes are known to have major roles in the production of the starch granule. Most are involved in the synthesis of the amylopectin fraction. First, starch synthases (SSs) catalyse the formation of new α-1,4 glucosidic linkages by adding glucose from ADPGlc to the non-reducing end of an existing chain (Recondo and Leloir, 1961) . As soon as the linear chains reach an adequate length, branching enzymes (BEs) introduce branch points by transferring a segment of 6 or more glucose residues. Interestingly, the subsequent removal of some of these branch points by debranching enzymes (DBEs) is important for starch synthesis. Additional enzymes may also contribute to the final structure of amylopectin. The roles of these different starch biosynthetic enzymes are discussed further below.
The characterized SSs can be divided into five subclasses (GBSS, SS1, SS2, SS3 and SS4) based on amino acid sequence comparisons (Ral et al., 2004; Patron and Keeling, 2005; Leterrier et al., 2008) . Arabidopsis has one gene belonging to each subclass. Granule bound starch synthase (GBSS) is responsible for amylose synthesis (Tsai, 1974) and is exclusively found associated with the granule. It becomes encapsulated within the granule as amylopectin crystallises. The other four isoforms are referred to as soluble starch synthases (SSs) and are predominantly localized in the stroma. SS1, SS2, SS3 and SS4 are all involved in the elongation of amylopectin chains. Studies of mutants in both Arabidopsis and other species have led to the idea that SS1 preferentially elongates short chains (9-10 glucose units; Delvallé et al., 2005; Fujita et al., 2006) , SS2 prefers intermediate chains (13-22 glucose units; Craig et al., 1998; Morell et al., 2003) and SS3 prefers long chains (more than 25 glucose units; Zhang et al., 2005; see Table 1 ). Thus, SS1 activity tends to create chains of a suitable length for SS2 and so on. That said, all single mutants and mutant combinations analysed thus far can synthesise starch, just with different relative proportions of chain lengths, and sometimes in lower amounts than the wild type (SS1: SS2: Zhang et al., 2008 and SS3: Zhang et al., 2005; Szydlowski et al., 2009; 2011;  for an overview see . Therefore, the isoforms have overlapping functions and those remaining in each mutant can, in combination with branching enzymes, generate the full spectrum of chain lengths. The ss3ss4 double mutant appears to be an exception in that it is reportedly unable to initiate granules (Szydlowski et al., 2009) .
Branching enzymes are glucanotransferases that generate branch points by cutting an existing α-1,4-linked chain and transferring the cut segment to another linear chain to create a new α-1,6 linkage. They act on chains with a minimum length of 12 glucose units and transfer a segment of six or more. Thus, few (if any) chains shorter than six glucose units are generated during the branching process (Takeda et al., 1993) . There are two subclasses of BEs in higher plants (designated as subclasses I and II or B and A, respectively; Burton et al., 1995) . Studies of cereal and potato genes suggest that subclass I BEs preferentially transfer longer chains than subclass II BEs (Takeda et al., 1993; Guan et al., 1997; Morell et al., 1997; Rydberg et al., 2001; Nakamura et al., 2010) . In Arabidopsis, the situation is unusual because there are only members of subclass II (BE2 and BE3).
The third gene annotated as a BE (BE1), despite being related to the BEI subclass, falls into a separate clade (Dumez et al., 2006; Wang et al., 2010;  Table 1 ). Current evidence suggests that this gene does not encode a functional BE . It appears that there is no genuine subclass I BE.
There have been extensive analyses of storage starch structure in plants with reduced BE activity. Potato and maize plants lacking subclass I enzymes show only minor differences in starch structure compared to the wild type (Safford et al., 1998; Blauth et al., 2002; Satoh et al., 2003) . In contrast, removal of BEII leads to an altered starch content, structure and properties in several species. For example, removal of the endosperm-specific BEIIb in maize results in amylopectin with longer chains and less branching (Stinard et al., 1993) . Similar observations were made in rice (Mizuno et al., 1993) . Maize plants lacking the leaf-specific isoform of BEII (BEIIa) produce transitory starch amylopectin with longer chains (Blauth et al., 2001 ). These findings indicate that BEII can compensate for the loss BEI, but not vice versa. This could be because BEII is required to generate the correct architecture underlying the cluster structure of amylopectin, and/or the short chains in the clusters themselves. Simultaneous repression of both BE subclasses in potato (Schwall et al., 2000) resulted in a greatly reduced production of starch which has very high apparent amylose content (or very sparsely branched amylopectin). Mutation of either subclass II BE gene in Arabidopsis results only in minor changes in starch structure suggesting functional redundancy. However, double mutant plants lacking both proteins have a striking phenotype as they are unable to make starch. Instead they accumulate high levels of maltose, probably due to the continuous degradation of newly synthesised linear glucans (Dumez et al., 2006) . Dumez et al., (2006) reported that Arabidopsis plants mutated in the BE1 gene have a wild-type phenotype. However, Wang et al., (2010) have since reported that homozygous be1 null mutants have an embryo lethal phenotype. The precise function of this gene remains unclear.
Initially, it was thought that SSs and BEs activities were sufficient to synthesise amylopectin and therefore to form starch granules. However, it is now known that plants lacking a particular type of DBEs have serious defects in starch biosynthesis. Mutations abolishing this DBE result in partial or complete replacement of starch granules with a soluble glycogen-like glucan, called phytoglycogen (Figure 7) . Plants have two classes of DBEs designated as isoamylases (ISA) and limit-dextrinases (LDA; also called pullulanase). Both classes can hydrolyze α-1,6 branch points but show different substrate specificities, which probably reflect the different roles they play in starch metabolism. LDA has a preference for substrates with very short branches such as β-limit dextrins (branched glucans degraded by β-amylase -an exoamylase which removes maltosyl units from external chains to within two or three glucose residues of a branch point). LDA can also act on the fungal polysaccharide pullulan (maltotriosyl units linked end-to-end by α-1,6-bonds), hence its alternative name. In contrast, ISAs cannot act on pullulan. However, the ISA class can be further divided into three subclasses, named ISA1, ISA2 and ISA3 (Hussain et al., 2003) . Arabidopsis has one gene corresponding to each subclass and one gene coding for LDA (Table  1 and 2). Current evidence suggests that, while ISA1 and ISA3 genes encode active DBEs, the proteins encoded by ISA2 genes are non-catalytic due to substitutions of 6 of 8 key active-site amino acids (Macgregor, 1993; Hussain et al., 2003) .
ISA1 is primarily involved in amylopectin synthesis and, in all species studied to date, forms a multimeric enzyme with a native molecular mass between 350 kDa and 500 kDa (Ishizaki et al., 1983; Beatty et al., 1999; Fujita et al., 1999; Dauvillée et al., 2001; Delatte et al., 2005) . ISA1 either forms a heteromultimer with ISA2 (as in Arabidopsis and potato; Bustos et al., 2004; Delatte et al., 2005) or a homomultimeric enzyme in addition to the heteromultimer (as in rice and maize; Utsumi and Nakamura, 2006; Kubo et al., 2010; Utsumi et al., 2011) . Mutations in ISA1 in different species result in decreased insoluble, granular starch and in the production of soluble phytoglycogen, (e.g. maize: James et al., 1995; barley: Burton et al., 2002; rice: Rahman et al., 2003; Arabidopsis: Delatte et al., 2005; Wattebled et al., 2005 and Chlamydomonas: Mouille et al., 1996) . Phytoglycogen is similar in composition to amylopectin, but has a higher degree of branching, more short chains, and branch points that are probably closer together. The current models for the involvement of DBEs in starch biosynthesis propose that they remove wrongly-positioned branch points that interfere with double helix formation and prevent or delay the crystallization of starch Myers et al., 2000; Streb et al., 2008) . Modelling studies predicted that the distance between branch points strongly influences the capacity for the alignment of double helices (O'Sullivan and Pérez, 1999) . Delatte et al., (2005) suggested that the ISA1/ ISA2 complex might specifically remove branches that are too close to other branch points.
In potato and Arabidopsis, repression or mutation of the ISA2 gene results in the same phenotype as repression or mutation of ISA1 (Zeeman et al., 1998b; Hussain et al., 2003; Bustos et al., 2004; Delatte et al., 2005; Wattebled et al., 2005) . It is tempting to believe that ISA2 has a regulatory function or provides substrate specificity to the multimeric enzyme. In Arabidopsis isa2 mutants, the ISA1 protein is also significantly decreased in amount. This makes it difficult to discriminate between an essential role for ISA2 in the function of the DBE multimer, or in the stability of the multimer. The presence of ISA1 homomultimers in cereals suggests that ISA2 is not always required for ISA1 stability/activity, and the loss of ISA2 in cereal endosperm does not result in a comparable phenotype to the loss of ISA1 (Kubo et al., 2010; Utsumi et al., 2011) .
The extent to which debranching occurs during synthesis and the fate of the released glucans is unclear. Soluble glucans released by debranching may be degraded during the day by β-amylases (see Section 5.3, below). Maltose measurements reveal that levels are lower during the day than at night, but not zero Niittylä et al., 2004) . It is possible that the formation of semi-crystalline amylopectin itself limits the action of degradative enzymes and therefore prevents futile cycling of carbohydrate into and out of the starch pool. Indeed, analysis of the structure of soluble phytoglycogen in isa1 and isa2 mutants provides evidence for degradation of the outer chains (Delatte et al., 2005; Streb et al., 2008) . If this is correct, it implies that the control of the pathway of starch degradation lies in the activity of the enzymes that alter the structure of amylopectin through reversible phosphorylation steps (see Section 5.1, below).
Despite playing an important role in amylopectin synthesis, it has recently been shown that DBEs are not absolutely essential for starch synthesis in Arabidopsis. In isa1 mutants, some tissues synthesise predominantly phytoglycogen (e.g. the leaf mesophyll), whereas others synthesise predominantly starch (e.g. epidermal cells, Figure 7 ), albeit with an altered structure (Delatte et al., 2005) . Variation in the severity of the phytoglycogen-accumulation in ISA1-deficient plants is also evident between species Dauvillée et al., 2001; Burton et al., 2002; Posewitz et al., 2004) . Subsequent removal of the two remaining DBE activities, ISA3 and LDA, in Arabidopsis abolishes starch in all cell types, seemingly supporting the idea that DBE plays a critical role (Streb et al., 2008; Wattebled et al., 2008) . However, further removal of another class of glucan degrading enzyme not previously associated with starch biosynthesis (α-amylase -see Section 5.5 below) restores starch granule formation (Streb et al., 2008) . This somewhat surprising result highlights the fact that glucan structure is determined by the complement of both biosynthetic and degradative enzymes and that there is interdependen- Starch granules (s) are present in wild-type plastids and in the epidermal (epi) cell plastids of isa1isa2. Phytoglycogen and numerous tiny starch granules (arrowhead) are present in isa1isa2 palisade mesophyll cell (pal) chloroplasts Scale bars = 2 μm cy in their respective activities. Streb et al., (2008) explain these observations by suggesting that the removal of branch points by ISA1 during starch synthesis promotes efficient crystallization of amylopectin, preventing the interference in starch biosynthesis by other enzymes. According to this hypothesis, α-amylase does not usually influence starch biosynthesis but, in the absence of ISA1 and other DBEs, the aberrant amylopectin can be attacked and thereby modified, further impeding granule formation.
Amylose Synthesis
Amylose, the second glucan in starch, is synthesised by GBSS. Mutant plants in several species lacking this enzyme synthesise starch containing only amylopectin (Denyer et al., 2001; Szydlowski et al., 2011) . Although amylose can account for 10-30% of the starch granule weight, it is not required for granule crystallinity. GBSS has a very high affinity for the starch granule and becomes encapsulated within it (Rahman et al., 1995; Denyer et al., 2001 ). There it synthesises amylose using ADPGlc that diffuses into the starch granule matrix from the stroma. GBSS acts in a processive manner extending the same primer glucan molecule, which could be a malto-oligosaccharide or a side-chain of amylopectin (Denyer et al., 1996; van de Wal et al., 1998; Denyer et al., 1999; Zeeman et al., 2002) . As the amylose is synthesised within the starch granule (Tatge et al., 1999; Glaring et al., 2006) , it is not accessible for further modification (e.g. by branching enzymes) and remains mostly linear. The physiological role for amylose is not obvious, but the conservation of GBSS through the plant kingdom implies that amylose synthesis is important, perhaps by helping to store glucan more efficiently (i.e. more densely packed) or helping to increase stability.
Starch Granule Initiation
The mode of granule initiation is not well understood. However, starch granule number and morphology are organ and species specific and therefore it is assumed that these traits are genetically controlled (Jane et al., 1994; Crumpton-Taylor et al., 2012) . In mammals and yeast, a self-glycosylating protein called glycogenin transfers glucose units from UDPGlc to a tyrosine residue to create a glucan chain, which is accessible for elongation by glycogen synthases (Lomako et al., 1988; Cheng et al., 1995) . An analogous system for the initiation of starch granules is imaginable. Glycogenin-like proteins can be found in plants and reports exist where down regulation of a glycogenin homologue in Arabidopsis led to an apparently starchless phenotype . However, this report was not detailed, and the observation needs further investigation.
Recently, it was observed that Arabidopsis plants lacking SS4 have altered patterns of starch biosynthesis and degradation and have just one large starch granule per chloroplast instead of three to five smaller ones observed in the wild type (Roldán et al., 2007) . Therefore, it was hypothesized that SS4 may be involved in starch granule initiation. Furthermore, it was shown that plants lacking both SS4 and SS3 do not synthesise starch granules (Szydlowski et al., 2009 ) despite having 60% of the wild type activity of SS (attributable to SS1 and SS2). These observations were interpreted to mean that either SS3 or SS4 can initiate starch granules, whereas the other starch synthases cannot. Szydlowski et al., (2009) also reported that SS3 can generate glucans in vitro using only ADPGlc. This contrasts with other starch synthase isoforms which, in addition to ADPGlc as the glucosyl donor, need a glucan primer molecule as an acceptor. The capacity to initiate glucans in the absence of a primer would enable SS3 to initiate an amylopectin molecule (Szydlowski et al., 2009) . Such a system has been proposed for the initiation of glycogen molecules in the bacterium Agrobacterium tumefaciens (Ugalde et al., 2003) .
Altered granule size and/or numbers have also been reported in other mutants affected in starch metabolism. Plants lacking ISA1 and/or ISA2 (Zeeman et al., 1998b; Burton et al., 2002; Delatte et al., 2005; Streb et al., 2008) and some starchexcess mutants (e.g. sex4; Zeeman et al., 2002) have aberrant granules. Furthermore, it has recently been proposed that in rice endosperm, plastidial phosphorylase also contributes to granule initiation by extending malto-oligosaccharides, which in turn serve as primers for the other starch biosynthetic enzymes (Satoh et al., 2008) .
The Pathway of Starch Biosynthesis in Other Photosynthetic and Non-Photosynthetic Tissues
The major cell type in Arabidopsis leaves is the mesophyll, accounting for 81 % of the total cellular volume. Epidermal cells account for around 17% and vascular cells, despite representing over a third of the leaf cell number, account for only 2% of the cellular volume (Pyke et al., 1991;  Figure 4A ). The number of plastids/chloroplasts in each cell type and the volume they occupy varies greatly, but most if not all synthesise starch (Delatte et al., 2005; Streb et al., 2008; Tsai et al., 2009 ). There is evidence that the source of the precursors for starch synthesis differs between the mesophyll and the other cell types. As described above, the vast majority of precursors in the mesophyll come directly from the Calvin cycle. However, other cell types can import hexose phosphates from the cytosol to support starch synthesis in addition to, or instead of deriving them from photosynthesis. Overlach et al., (1993) reported that, unlike mesophyll cells, guard cell chloroplasts possess an active hexose-phosphate translocator (GPT) allowing uptake of Glc6P (see also Niewiadomski et al., 2005) . Consistent with this, mutants lacking plastidial PGI (which interconverts Fru6P and Glc6P) are deficient in starch in the mesophyll, but are able to make starch in the guard cells (Tsai et al., 2009) . Mutants deficient in plastidial PGM1 (which interconverts Glc6P and Glc1P) are deficient in starch in both cell types (Lasceve et al., 1997) . These data imply that Glc6P can be efficiently transported into guard cell chloroplasts to support starch synthesis. Similar observations were made for bundle sheath cells (Tsai et al., 2009 ). Furthermore, Niewiadomski et al., (2005) were able to complement the low starch phenotype in mesophyll cells of the pgi mutant by constitutive expression of GPT proteins, demonstrating that these transporters are not highly expressed in the mesophyll.
It is not clear if there are other significant differences between cell types in downstream steps in the pathway of starch synthesis. It is possible that the subset of isoforms for AGPase, SSs and BEs operating in different cell types may not be the same. For example, mutants lacking APL1 (the adg2 mutant) synthesise less starch than the wild type in the leaf mesophyll but apparently have normal starch content in the root columella indicating that other large subunits (APL2, APL3 or APL4) are important for AGPase activity in these cells (Tsai et al., 2009) . Furthermore, isa1 and isa2 mutants have tissue-dependent starch-and phytoglycogen-accumulating phenotypes (e.g. epidermal cells make starch whereas mesophyll cells make predominantly phytoglycogen, Figure 7 ). This has been attributed to possible differences in the other starch biosynthetic enzymes (Delatte et al., 2005) .
THE PATHWAYS OF STARCH DEGRADATION
Most studies suggest that transient starch breakdown occurs at a more-or-less constant rate throughout the night, supplying the plant with sugars. Almost all starch made during the day in Arabidopsis leaves is degraded by the end of the dark phase (Figure 1) . The major starch breakdown products are maltose and glucose, both of which can be exported from the chloroplast to the cytosol for further metabolism (Lloyd et al., 2005; Zeeman et al., 2007; 2010) . Glucose-1-phosphate can also be generated directly from starch and be metabolised in the chloroplast.
Several key enzymes involved in starch breakdown were identified by classical genetic screens, as plants impaired in this process develop sex phenotypes (see Section 2, above). This research has yielded a number of surprises. First, the pathway of starch degradation inside chloroplasts differs significantly from the recognised pathway in the endosperms of germinated cereal seeds, even though some glucan-degrading enzymes are common to both systems. Second, starch degradation in chloroplasts occurs via a network of reactions rather than a linear pathway ( Figure 8 ; Table 2 ). Third, chloroplast starch degradation is facilitated by a process of reversible glucan phosphorylation, which serves to disrupt the starch granule surface, helping to initiate, and possibly control the degradation process.
Transient Glucan Phosphorylation
Evidence that glucan phosphorylation is necessary for normal starch degradation in plastids derives from initial work on potato which has been supported by subsequent studies in Arabidopsis and other species (Lorberth et al., 1998; Yu et al., 2001; Nashilevitz et al., 2009 ). The enzyme α-glucan water, dikinase (GWD1) phosphorylates glucosyl residues of amylopectin at the C6 position (Ritte et al., 2002) . After this initial phosphorylation, a second enzyme, phosphoglucan, water dikinase (PWD, also known as GWD3) recognises the phosphorylated glucan and is able to phosphorylate a different glucosyl residue at the C3 position (Baunsgaard et al., 2005; Kötting et al., 2005) . The overall frequency of phosphorylated glucosyl residues in Arabidopsis leaf starch is about 1 in 2000, and the ratio of C3:C6 phosphorylation is about 1:5 . This reflects the extent of phosphorylation that occurs during starch biosynthesis. When starch is being degraded, both phosphorylation and dephosphorylation are likely to proceed at considerably higher rates (Ritte et al., 2004) . However, this transient phosphorylation at the granule surface is not reflected in the phosphate content of the starch.
There is good evidence that both GWD1 and PWD are needed for normal rates of starch degradation. The gwd1 mutant (also called sex1) has a very strong sex phenotype (Caspar et al., 1991; Yu et al., 2001 ) and starch-bound phosphate is abolished, both at C6 and C3 positions . In comparison, pwd mutant plants have a mild sex phenotype (Baunsgaard et al., 2005; Kötting et al., 2005) , and only the C3-bound phosphate is eliminated. A third enzyme, GWD2, is also able to phosphorylate glucose units at the C6 position in vitro. However, sub-cellular localization studies identified it as extraplastidial (Glaring et al., 2007) . Therefore, is unlikely to be involved in normal starch mobilization. This is consistent with the observation that gwd2 mutants do not have a sex phenotype.
Structural and modelling studies of phosphorylated glucans suggest that phosphate groups at the C6 position could locally disrupt the packing of amylopectin double helices. When phosphate groups are introduced at the C3 position, the effect on the orientation of neighbouring glucosidic bonds could destabilise the double helices themselves (Engelsen et al., 2003; Hansen et al., 2009; Blennow and Engelsen, 2010) . This theory is consistent with the idea that phosphorylation solubilises the surface of the starch granule, enabling other enzymes to attack the exposed glucan chains. Direct evidence for this function comes from invitro studies. Phosphorylation by recombinant GWD1 of crystallized maltodextrins (that have structural characteristics of starch) causes the release of soluble phospho-oligosaccharides (Hejazi et al., 2008) . Furthermore, GWD1 activity was shown to stimulate the degradation of intact starch granules by recombinant glucan hydrolases (Edner et al., 2007) .
Until recently it was unclear what happened to the glucose residues phosphorylated by GWD1 and PWD. However, this was an important question to solve because while phosphorylation disrupts the crystalline structure of starch, it was also known from earlier studies that β-amylase activity is impeded when a phosphate group is reached (Takeda and Hizukuri, 1981) . In the last few years it was shown that Arabidopsis contains two phosphoglucan phosphatases, SEX4 (for Starch Excess 4) and LSF2 (for Like Sex Four 2), which are able to dephosphorylate amylopectin (Gentry et al., 2007; Kötting et al., 2009; . SEX4 releases phosphate bound either to the C6 or the C3 positions (Hejazi et al., 2010) , whereas LSF2 has a strong preference for phosphate bound to the C3 position .
SEX4 has an important role in starch degradation. In sex4 mutant, the decreased phosphoglucan phosphatase activity results in a reduced rate of starch degradation and the accumulation of excess leaf starch (Zeeman et al., 1998a; Niittylä et al., 2006; Sokolov et al., 2006) . Furthermore, soluble phospho-oligosaccharides that are not detected in the wild type accumulate in sex4 mutants (Kötting et al., 2009 ). These may be intermediates of starch breakdown that are normally metabolised rapidly by SEX4. Alternatively, SEX4 might normally work at the starch granule surface and phospho-oligosaccharides may only be produced in sex4 mutants because the granule surface becomes hyper-phosphorylated. Genetic analysis revealed that the phospho-oligosaccharides accumulating in sex4 mutants are liberated from the starch granule by hydrolytic enzymes that act on internal α-glucosidic bonds of amylopectin. Double mutants lacking SEX4
Linear malto
Branched maltooligosaccharides . Inset is a model depicting the role of phosphorylation by GWD1 and PWD in disrupting the packing of amylopectin double helices (grey boxes). This allows the release of maltose and malto-oligosaccharides (black lines) by β-amylases (BAMs) and DBE (ISA3). Phosphate (red dots) is concomitantly released by SEX4 and LSF2 to allow complete degradation. Image adapted from Zeeman et al. (2010) with permission from Annual Reviews.
and either the endoamylase AMY3 or the debranching enzyme ISA3 (see Sections 5.4 and 5.5, below) have fewer phospho-oligosaccharides and higher starch levels than sex4 single mutants. In contrast to sex4 mutants, lsf2 mutants do not exhibit a sex phenotype and nor do they accumulate phospho-oligosaccharides. Nevertheless, LSF2 is involved in starch metabolism. The lsf2 single mutant starch displays a marked increase in C3-bound phosphate, despite not having a sex phenotype. This is interesting as it demonstrates that the phosphate content of starch (an important determinant of starch properties and functionality) is determined by the balance between phosphorylation and dephosphorylation events during its biosynthesis  . Nevertheless, the physiological role of LSF2 is probably still in starch breakdown, as when both SEX4 and LSF2 genes are mutated, the double mutant plants display a more severe sex phenotype than the sex4 single mutant. Further evidence that a cycle of glucan phosphorylation and dephosphorylation promotes starch degradation stems from invitro experiments with isolated starch granules. When incubated together with GWD1 and hydrolytic enzymes, the presence of SEX4 enhances the release of soluble glucans from the granules (Kötting et al., 2009) . Thus, it is proposed that during starch degradation, amylopectin structure is first destabilized by GWD1-and PWD-mediated phosphorylation, then simultaneously degraded by glucan hydrolytic enzymes and dephosphorylated by SEX4 and LSF2. The recent demonstration that SEX4 acts preferentially on insoluble glucans (starch) rather than soluble glucans (phospho-oligosaccharides) supports the notion that all these steps occur concurrently at the starch granule surface (Hejazi et al., 2010) .
It is possible that another enzyme besides SEX4 and LSF2 is also able to dephosphorylate glucans. Arabidopsis contains an additional homolog of SEX4, called LSF1 (Like SEX Four 1). Genetic studies show that LSF1 is required for normal starch breakdown as lsf1 mutants have a sex phenotype, albeit milder than that of sex4 (Comparot-Moss et al., 2010) . Interestingly, biochemical data suggest that LSF1 and SEX4 are involved in starch breakdown in different ways (Comparot-Moss et al., 2010) . The lsf1 mutant does not accumulate phospho-oligosaccharides and attempts to detect phosphoglucan phosphatase activity with the recombinant LSF1 protein, or a reduction in phosphoglucan phosphatase activity in lsf1 mutant extracts, have been unsuccessful (Comparot-Moss et al., 2010) . Consequently, it has been proposed that LSF1 has a regulatory rather than catalytic function.
The Degradation of the Starch Granule Surface
Upon solubilisation of the chains at the granule surface by GWD1/ PWD, hydrolytic enzymes degrade the α-1,4 and α-1,6 glucosidic bonds. Hydrolysis of linear glucans is achieved by β-amylases (BAMs) -exo-acting amylases that liberate the disaccharide maltose from the non-reducing ends. These enzymes cannot hydrolyse α-1,6 branch points, nor act close to them. Therefore, for progressive degradation of branched amylopectin molecules, DBEs are also required to hydrolyse the branch points. While BAMs and DBEs probably represent the most important starch degrading activities in Arabidopsis chloroplasts (see Sections 5.3 and 5.4, below), other glucan metabolising enzymes are also present, including the endo-acting α-amylase (which hydrolyses internal α-1,4 bonds; Section 5.5, below), α-glucan phosphorylase (which catalyses the phosphorolysis of Glc1P from the non-reducing end of chains; Section 5.6), and disproportionating enzyme (which catalyses a range of glucanotransferase reactions; Section 5.7). The importance of each of these enzymes have been assessed using a combination of genetic and biochemical studies. Some enzymes are essential for normal rates of starch degradation and constitute a 'major' pathway, whereas others are non-essential (at least under laboratory conditions) and constitute a 'minor' pathway Figure 8) . However, there is a degree of redundancy between these pathways. Thus, the minor pathway becomes limiting when enzymes of the major pathway are missing. Furthermore, it is important to stress that the relative importance of these enzymes might differ in other Arabidopsis tissues (e.g. in parts of the developing seed; Andriotis et al., 2010) or in leaves of other species (e.g. in cereals; Dinges et al., 2003; Asatsuma et al., 2005) .
The Importance Of β-Amylase
β-Amylase is a key enzyme of starch degradation. This is illustrated by the rapid increase in maltose levels in Arabidopsis leaves during the night, when starch is degraded Niittylä et al., 2004; Fulton et al., 2008) , and by the sex phenotypes of both potato and Arabidopsis plants lacking chloroplastic β-amylase isoforms (Scheidig et al., 2002; Kaplan and Guy, 2005; Fulton et al., 2008) . In Arabidopsis, there are nine genes encoding β-amylase-like proteins (Table 2) , at least four of which (BAM1 to BAM4) are targeted to the chloroplast (Lao et al., 1999; Fulton et al., 2008) . BAM1 and BAM3 are both active enzymes and recombinant proteins have high specific activities on glucan substrates in vitro (Fulton et al., 2008) . Crude extracts of bam1 and bam3 mutants also have significant reductions in total β-amylase activity (however, see cautionary note about BAM5, below). In contrast, BAM2 has a very low specific activity and BAM4 appears to be non-catalytic due to amino acid substitutions within its active site (including one of the two catalytic glutamate residues). Crude extracts of bam2 and bam4 mutants have no reduction in total β-amylase activity.
There is partial overlap in the functions of BAM1 and BAM3. Mutants of BAM3 have a mild sex phenotype whereas mutants of BAM1 show no obvious alteration in starch metabolism compared to wild-type plants (Fulton et al., 2008) . However, the bam1bam3 double mutant has a strong sex phenotype. Thus, it appears that BAM3 can compensate for the loss of BAM1 but not vice versa. So far no role for BAM2 is known. Although it is an active enzyme, no change in phenotype could be observed when BAM2 was missing either alone or in the backgrounds of other bam mutations (Fulton et al., 2008) . The opposite is true for BAM4. Although the BAM4 protein has no measurable β-amylase activity, bam4 mutant plants do have a sex phenotype. It remains to be explained how this non-catalytic β-amylase-like protein influences starch breakdown. It has been speculated that it acts as a chloroplastic regulator, potentially responding to the concentration of maltose, and thereby fine-tuning the rate of starch degradation (Fulton et al., 2008) . However, direct evidence for such a role is lacking.
It is conspicuous that Arabidopsis and other plants contain so many genes encoding β-amylase like proteins. Recently, it was shown that two of the m (BAM7 and BAM8) are localised to the nucleus and possess an additional protein domain that enables them to bind a specific DNA motif (Reinhold et al., 2011) . These proteins act as transcriptional regulators controlling shoot growth and development, but having no direct influence over carbohydrate metabolism. It was proposed that the β-amylaselike domain may act as a metabolite sensing domain rather than catalysing the hydrolysis of glucans like true β-amylases (Reinhold et al., 2011) . Little or no data are available for the functions of the remaining three BAM proteins, BAM5, BAM6 and BAM9 (Chandler et al., 2001) . Localization studies showed that BAM5 is likely to be cytosolic and mainly localized in sieve elements (Monroe and Preiss, 1990; Wang et al., 1995) . Therefore, it is unlikely to be directly involved in starch breakdown, consistent with the observation that bam5 mutants have normal starch levels (Laby et al., 2001) . Interestingly, the expression of the BAM5 gene is highly variable, depending on growth conditions and sugar levels (Mita et al., 1997) . The BAM5 protein can account for between 20% and 90% of the total β-amylase activity in crude extracts of leaves (Laby et al., 2001; Fulton et al., 2008) . Furthermore, it has been previously noted that mutants affected in starch metabolism have high β-amylase activity, which in some cases has been attributed to BAM5 (Monroe and Preiss, 1990) . The significance of this BAM5 regulation is unclear, but it is important to note that measurements of total β-amylase activity in crude extracts can be misleading because of it (e.g. in mutants lacking chloroplastic BAM isoforms).
The Role of Debranching Enzymes
DBE activity is required for the complete degradation of amylopectin. As described earlier in this chapter, there are four genes encoding DBE-like proteins in Arabidopsis. While two (ISA1 and ISA2) encode proteins that form a single enzyme involved in amylopectin biosynthesis (see Section 4.4, above), the other two (ISA3 and LDA) are important for starch breakdown Delatte et al., 2006) . There are differences in ISA3 and LDA in terms of the substrates they are able to attack, presumably depending on the length of the B-chain and the position and length of the A-chain attached to it (Figure 3) . However, both ISA3 and LDA show high activity on β-limit dextrins (i.e. amylopectin digested with β-amylase, such that external chains are reduced to stubs of 2 or 3 glucose units), illustrating their preference for removing short branches (Wu et al., 2002; Hussain et al., 2003; Takashima et al., 2007) and consistent with roles in degradation. ISA3 seems to have a more important role in Arabidopsis than LDA, since isa3 mutants have a sex phenotype, whereas lda mutants have a wildtype phenotype. Loss of ISA3 also results in changes in the structure of the starch; isa3 amylopectin contains increased amounts of very short chains with degrees of polymerization (d.p.) 3 to 5. Double mutants lacking both ISA3 and LDA accumulate starch to a far greater extent than isa3 single mutants (Delatte et al., 2006) . This shows that some starch breakdown is mediated by LDA if ISA3 is missing. Together, these results fit with a model for starch degradation in which long chains at the granule surface are degraded by β-amylases, resulting in short chains with d.p. 2 or more, which are removed by ISA3 and LDA (Figure 8 ).
α-Amylase
In contrast to β-amylases, α-amylases (AMY) act on internal α-1,4-bonds to release a variety of linear and branched oligosaccharides. In germinating cereal seeds, isoforms of AMY are secreted from the living aleurone cells and play a key role in the degradation of storage starch in the non-living starchy endosperm. This process fuels early seedling establishment (Fincher, 1989) , as illustrated by the marked delay in seedling growth upon repression of the major secreted α-amylase expressed upon seed germination (Asatsuma et al., 2005) .
In Arabidopsis, α-amylase does not have such a prominent role in starch degradation. There are three annotated α-amylases (AMY1, AMY2 and AMY3) in the Arabidopsis genome (Stanley et al., 2002) . Only AMY3 has a predicted transit-peptide and cell fractionation experiments showed that it is indeed chloroplastic (Yu et al., 2005) . Surprisingly, mutants lacking AMY3 alone, or all three α-amylases together, are indistinguishable from wild-type plants and have normal starch metabolism (Yu et al., 2005) . It was therefore concluded that α-amylases are not part of the major pathway of starch degradation. However, subsequent studies have revealed that in situations where other enzymes are missing, AMY3 activity makes a significant impact on starch metabolism. This is particularly apparent in mutant plants lacking isoforms of DBEs. In isa3lda double mutants, starch degradation during the night is reduced compared to the wild type, but not abolished (Delatte et al., 2006) . As starch is degraded, isa3lda plants accumulate the typical products of α-amylase -small soluble branched glucans (d.p. 8 to d.p. 30), which are not seen in the wild type. Furthermore, α-amylase activity and AMY3 protein amount are increased in isa3lda compared to wild-type plants (Delatte et al., 2006) . Similar small branched glucans occur in quadruple mutant plants lacking all DBEs (Streb et al., 2008) although in this case, starch is almost completely replaced by the soluble phytoglycogen (see Section 4.4 above). Creation of the quintuple mutant lacking all DBEs and AMY3 abolishes the small branched glucans, showing that they are AMY3 products.
It is likely that AMY3 is the only α-amylase involved in degradation of glucans in the plastids in Arabidopsis, but little is known about the functions of AMY1 and AMY2. The AMY2 amino acid sequence does not include any obvious sub-cellular targeting information. In contrast, AMY1 possesses an amino-terminal signal peptide for targeting to the endomembrane system, and the protein is secreted rather than localized in plastids (Doyle et al., 2007) . Therefore, it seems unlikely to be involved in transient starch breakdown. The AMY1 gene is induced by different stresses and by ABA and it has been hypothesized that AMY1 may play a role in disease resistance responses (e.g. degrading the starch of dead cells; Doyle et al., 2007) . However, it is worth noting that different observations have been made in rice, where a secreted isoform of α-amylase most closely related to Arabidopsis AMY1 is targeted to the chloroplasts in leaves via the endomembrane system (Asatsuma et al., 2005; Kitajima et al., 2009) , where it does have a function in starch metabolism. It is unclear whether this may also occur in Arabidopsis.
α-Glucan Phosphorylase
The only phosphorolytic enzyme involved in starch metabolism is the plastidial α-glucan phosphorylase PHS1 (PHO1 in other species). The enzyme catalyses the reversible addition of the glucosyl moiety of Glc1P to the non-reducing end of an acceptor glucan, releasing orthophosphate (P i ). The reaction direction is dependent on the relative Glc1P and P i concentrations (Rathore et al., 2009) . It has been proposed that PHS1 acts predominantly in a phosphorolytic direction -i.e. contributing to starch breakdown -due to the high concentration of P i relative to Glc1P (Wirtz et al., 1980; Kruger and ap Rees, 1983) . However, genetic studies in several species and focussing on different tissues have yielded contrasting results. Thus, the precise function of plastidial phosphorylase remains unclear. In Arabidopsis mutants lacking PHS1, there is no overall alteration in starch content , but the plants display increased sensitivity to drought stress and there is a local accumulation of starch around stressinduced lesions. In Chlamydomonas, sta4 mutants lacking PHOB (one of two plastidial phosphorylase isoforms) have decreased starch contents under nitrogen-limiting conditions, when storage starch usually accumulates to high levels . In this case, the authors speculated that the phenotype may be an indirect effect connected with protein-complex formation between PHOB and other starch metabolising enzymes (see Section 6.2, below). In rice, the loss of plastidial phosphorylase (PHO1) leads to reduced endosperm starch content and shrunken seeds when grown at 20°C, though not when grown at 30ºC (Satoh et al., 2008) . These authors proposed that PHO1 may be involved in starch priming by elongating short chains. This view is in part derived from in-vitro studies with the heterologous PHO1 enzyme, which showed that it can elongate glucan chains even in the presence of high P i concentrations (Hwang et al., 2010) . Thus, the enzyme could generate long chains even under physiological conditions where net phosphorolytic degradation occurs (i.e. high P i and low Glc1P). It is possible that the plastidial phosphorylase is a versatile enzyme and that its physiological role is different between species, growing conditions and tissues. Further investigations of plastidial phosphorylase functions are required.
An additional isoform of α-glucan phosphorylase (PHS2) is present in the cytosol and implicated in the metabolism of cytosolic heteroglycans. These heteroglycans are proposed to form an intermediary carbohydrate pool between chloroplastic starch metabolism and cytosolic hexose-phosphates (see Section 5.9, below).
The Metabolism of Malto-oligosaccharides by Disproportionating Enzyme
The combined actions of β-amylase, α-amylase and DBEs will result in the release of maltose and longer malto-oligosaccharides into the chloroplast stroma. The malto-oligosaccharides can be further metabolised by β-amylases to yield maltose or maltotriose or by phosphorylase to yield Glc1P and maltotetraose (maltotriose and maltotetraose are too short to act as substrates of β-amylase and phosphorylase, respectively). Short malto-oligosaccharides are also metabolized by the glucanotransferase disproportionating enzyme (DPE1). In vitro studies showed that DPE1 can catalyse a range of reactions, transferring a part of one α-1,4-linked glucan chain to another, or to glucose. When presented with short malto-oligosaccharides, it produces glucose and a spectrum of linear oligosaccharides, the larger of which are again substrates for the other degradative enzymes. Thus, DPE1 activity, together with that of β-amylase and phosphorylase will result in the production of maltose, glucose and Glc1P. Interestingly, maltose acts neither as an efficient donor nor acceptor for DPE1 (Lin and Preiss, 1988; Takaha et al., 1993; 1996) . This exclusion of maltose means that its only fate at night is export to the cytosol (see Section 5.8, below). The importance of DPE1 in starch breakdown was confirmed by analysing dpe1 mutants (Critchley et al., 2001) . The dpe1 mutant accumulates maltotriose -the by-product of β-amylolysis of malto-oligosaccharides -during starch breakdown at night. Furthermore, the mutant has a decreased rate of starch breakdown during the night resulting in a sex phenotype. This latter observation indicates that the accumulation of maltotriose may inhibit starch breakdown. Alternatively, DPE1 itself may act on the starch granule.
Interestingly, dpe1 mutants of Chlamydomonas show a lowstarch phenotype, which led to the proposal that DPE1 can contribute to starch synthesis through its capacity to transfer maltosyl residues to amylopectin in vitro (Colleoni et al., 1999; Wattebled et al., 2003) . However, there is no evidence for such a role in Arabidopsis or potato (Takaha et al., 1998; Critchley et al., 2001 ).
Export of Starch Degradation Products to the Cytosol
The major breakdown products of starch during the night are maltose and, to a smaller extent, glucose and Glc1P. Current models for the further metabolism of these products suggest that glucose and maltose are exported to the cytosol. Glc1P can be metabolised in the chloroplast and supply chloroplast with substrates for glycolysis or the oxidative pentose phosphate pathway, either during the night or under stress or photorespiratory conditions, when starch is degraded during the day Weise et al., 2006) .
In the inner chloroplast envelope, there are distinct maltose and glucose transporters that facilitate diffusion of these sugars between the stroma and cytosol Niittylä et al., 2004; Cho et al., 2011;  Table 3 ). Mutants lacking the maltose transporter (MEX1) have a severe phenotype, as would be expected when the major export route for starch degradation products is blocked. The mex1 mutants accumulate large amounts of maltose (40-fold higher then wild-type plants) inside the chloroplast and have a sex phenotype (Niittylä et al., 2004; . It seems likely that the elevated maltose levels lead to the feedback inhibition of starch degradation either via an as-yet uncharacterised regulatory mechanism, or by the competitive inhibition of starch degradative enzymes. In contrast, mutants lacking the glucose transporter (pGlcT) have a wild-type phenotype (Cho et al., 2011) , consistent with the idea that glucose is a minor product of starch breakdown or that carbohydrate could be exported from the chloroplast in another form in pglct mutants, compensating for the glucose transport deficiency. Interestingly, when both glucose and maltose export are blocked, the plants develop a severe phenotype, with decreased chlorophyll, decreased photosynthetic rate, decreased starch content, and aberrant chloroplasts (Cho et al., 2011) . This suggests that trapping starch degradation products within the chloroplast, causes a severe disruption of chloroplast function.
A similar phenotype to that of the mex1pglct double mutant is seen when the mex1 and dpe1 mutations are combined (Stettler et al., 2009 ). The mex1dpe1 double mutant accumulates both maltose and maltotriose, and has reduced starch, chlorophyll content and photosynthesis. The similarity of the phenotypes of these double mutants is logical. On one hand, the activity of DPE1 would be a major source of glucose within the chloroplast during starch degradation (Critchley et al., 2001; Stettler et al., 2009) , so loss of DPE1 should have a similar impact to the loss of pGlcT. On the other hand, the maltotriose that accumulates in the absence of DPE1 cannot cross the chloroplast envelope (Rost et al., 1996) and would thus also be trapped inside.
Ultrastructural studies of the mex1dpe1 double mutant revealed massive changes in chloroplast morphology, evidence of chloroplast lysis, and the presence of chloroplast remnants within vacuoles. These observations were used to explain the chlorotic phenotype, which was also visible (albeit to a lesser extent) in the mex1 single mutant. It was proposed that macro-autophagy may play a role in degrading non-functional chloroplasts (Stettler et al., 2009) . Stettler et al., (2009) also provided genetic evidence that this severe cellular phenotype is due to the accumulation of starch degradation intermediates, as introduction of the pgm1 mutation to block starch synthesis, or mutations in GWD1 or BAMs to prevent the release of maltose from the granule, decreased the chlorosis.
It remains possible that there are other routes for the transport and/or metabolism of starch breakdown products. For example, it was recently shown that there is specific transport of Glc1P across the plastid envelope (Fettke et al., 2011) raising the possibility that Glc1P could be exported. On the other hand, Nicotiana tabacum and Physcomitrella patens both contain active plastidial hexokinases (Olsson et al., 2003; Giese et al., 2005) . Thus, glucose could be metabolised in the stroma to Glc6P. The Arabidopsis hexokinase HXK3 is also located in the plastids but is expressed primarily in sink tissues (i.e. root and siliques; Karve et al., 2008) . Earlier biochemical studies found that a large fraction of the hexokinase activities associated with isolated chloroplasts of spinach leaf mesophyll cells was attributable to an isoform bound to the outer envelope rather than in the stroma (Weise and Kiss, 1999) . The role of stromal hexokinases in source tissues requires further investigation.
The Metabolism of Maltose in the Cytosol
Upon export to the cytosol, maltose is metabolized by a glucosyltransfer reaction catalysed by the cytosolic disproportionating enzyme DPE2 Lu and Sharkey, 2004) . DPE2 
Sugar transporter Exchange of sugars between plastid and cytosol
Maltose transporter (MEX1) At5g17520 facilitates maltose exchange, mutant has starch -excess and maltose-excess phenotypes Niittylä et al., 2004 Glc transporter (pGlcT, GLT1) At5g16150 facilitates glucose exchange Cho et al., 2011 Putative Glc1P/P i translocator ? postulated exchange of Glc1P in counter exchange with P i (both directions) Fettke et al., 2011 Glc6P/P i translocator 1 (GPT1) At5g54800 exchange of Glc6P in counter exchange with P i (both directions) Niewiadomski et al., 2005 Glc6P/P i translocator 2 (GPT2) At1g61800 exchange of Glc6P in counter exchange with P i (both directions) Niewiadomski et al., 2005 is specific for the β-anomeric form of maltose (Steichen et al., 2008; Dumez et al., 2006) , which is the product of β-amylase (Weise et al., 2005) . Arabidopsis dpe2 mutants show a sex phenotype and accumulate around 200 times as much maltose as the wild type Lu and Sharkey, 2004) . DPE2 transfers one glucose unit from maltose to an acceptor -probably a form of cytosolic heteroglycan -and releases the other glucose molecule (Fettke et al., 2006) . The heteroglycan is composed of arabinose, galactose and, to a lesser extent mannose, fucose, xylose, rhamnose and glucose (Fettke et al., 2005) . However, the polymer structure and its biosynthesis are not understood. The relatively low fraction of glucose is surprising, considering that the amount of maltose released during starch breakdown greatly exceeds the total amount of heteroglycans. This indicates that the heteroglycans do not represent a "store" of glucose per se and the glucose added to them from maltose must have a high turnover rate (Fettke et al., 2005) . Hence, it was proposed that the heteroglycan serves as a short term buffer/acceptor for glucose in the cytosol . The DPE2 reaction is reversible, and glucosyl moieties of the heteroglycan can be removed and added to free glucose, resulting in maltose formation (Fettke et al., 2006) . Glucose can also be removed from heteroglycans by phosphorolysis via the cytosolic isoform of α-glucan phosphorylase (PHS2), liberating Glc1P (Fettke et al., 2004) . According to this metabolic scheme, equimolar amounts of glucose and Glc1P are the net products of maltose metabolism in the cytosol. However, it is worth noting that phs2 mutants have only a mild phenotype compared with dpe2 mutants. In phs2 leaves, maltose levels are elevated approximately four-fold at night, but the rate of starch degradation is normal. The heteroglycan pool has a slightly increased proportion of glucose, but again this increase is minor compared with the amount of carbon predicted to pass through the maltose pool. This suggests that, apart from PHS2, there is another route for the release of glucose transferred to cytosolic heteroglycans by DPE2 .
THE REGULATION OF STARCH METABOLISM
Establishing the key players of starch synthesis and breakdown makes it possible to address the mechanisms that regulate the pathways and determine when starch is made and how much accumulates. There is good evidence that the fluxes into and out of the starch pool in Arabidopsis leaves are regulated. This is nicely illustrated by growing plants under different light/dark cycles. In diurnal cycles with a short photoperiod, there is a relatively high rate of starch synthesis and slow rate of degradation, whereas in diurnal cycles with a long photoperiod this is reversed -starch synthesis is slow and degradation is fast (Smith and Stitt, 2007; Gibon et al., 2009; Figure 9) . In both cases, the rate of degrada- (B) The rates of starch synthesis during the light and degradation during the dark phase. In day-neutral conditions, synthesis and degradation rates are equal. In shorter photoperiods there are increased synthesis rates and decreased degradation rates (except in 2-h photoperiods, in which plants fail to grow). Graph adapted from Gibon et al. (2009) with permission from Wiley-Blackwell Publishing. tion is essentially linear, such that the assimilated starch lasts for the duration of the night. Data consistent with this pattern was also obtained earlier with several other species suggesting that it is a common feature (Chatterton and Silvius, 1979) . Several studies have also reported that there are delays in the onset of starch synthesis at the start of the day (Stitt et al., 1983; 1984; Gerhardt et al., 1987) and starch degradation at the start of the night (Gordon et al., 1980; Fondy and Geiger, 1985; Zeeman and Ap Rees, 1999) , illustrating that the basis of regulation is not simply a light/dark switch. Indeed, starch degradation in the light can be induced by removing CO 2 and imposing photorespiratory conditions (Weise et al., 2006) . Changes in sugar levels or other metabolic intermediates may serve as the trigger for the fluxes into and out of the starch pool.
The flux of carbon into transitory starch is governed in large part by the regulation of AGPase activity (see Section 4.3, above; Geigenberger, 2011) , which is effectively switched off at night through redox inactivation (Hendriks et al., 2003; Hädrich et al., 2012) . It is uncertain to what extent the enzymes of starch biosynthesis themselves (i.e. SSs and BEs) are regulated. A recent survey of starch metabolic enzymes in Arabidopsis suggested that SS1, SS3 and BE2 are also redox-activated (Glaring et al., 2012) . The in-vivo significance of this activation remains to be demonstrated. One study of wheat amyloplasts suggested that BE was activated through phosphorylation (Tetlow et al., 2004) , but surprisingly few such data are available for the Arabidopsis enzymes . One study of the Arabidopsis ss3 mutant reported increased starch contents compared to the wild type. It was proposed that SS3, in addition to its catalytic function, may play a regulatory role over other starch synthases, thereby controlling the rate of synthesis, (Zhang et al., 2005) . However, this increased starch content of the ss3 mutant was not seen under all growth conditions in which it was studied (Zhang et al., 2008) .
It seems likely that one or several enzymes involved in starch breakdown are inactive during the day. This seems logical as otherwise there would be a potentially futile cycle of synthesis and degradation. Pulse-chase radio-labelling studies (in which 14 CO 2 is supplied to photosynthesising plants for a short period and then replaced by unlabelled carbon dioxide) did not detect significant amounts of starch turnover during periods of net starch accumulation in wild-type plants (Schneider et al., 2002; Zeeman et al., 2002) . If there was turnover, label incorporated into starch during the pulse would be released again during the chase, despite continued net accumulation of starch. Under certain conditions, turnover is readily detected using this method. For example, in tpt mutants where the export of triose phosphates from the chloroplast is compromised, there is increased partitioning into starch and simultaneous starch degradation (Schneider et al., 2002) . However, such labelling studies are relatively coarse, and would be unlikely to detect rapid turnover (such as the debranching steps integral to the maturation of amylopectin -see Section 4.4, above). A possible step for regulation is the process of reversible starch phosphorylation, as it precedes and facilitates glucan hydrolysis by solubilising the granule surface. In isa1 and isa2 mutants that accumulate soluble phytoglycogen in place of semicrystalline starch, maltose accumulates during the day (Delatte et al., 2005) . This suggests that enzymes like β-amylases are active during the day but, in the wild type, may not have access to amylopectin as it rapidly assumes an insoluble form.
The potato GWD1 protein has been shown to be redox-regulated in vitro through the formation of a disulphide bridge between two cysteine residues . These cysteine residues are conserved in GWD1 homologues in other species, including Arabidopsis. There has been no direct demonstration that this redox-regulation is functionally significant in vivo, and in some ways it is counter-intuitive for a chloroplast-localised protein that is active at night to be redox regulated. This is because the paradigm for the reductive activation of stromal proteins is via the light-driven thioredoxin system (Buchanan and Balmer, 2005; Schürmann and Buchanan, 2008) , such that the protein would be active during the day and inactive at night (as for AGPase; see above). For GWD1, there is evidence that the protein is active to an extent during the day, as newly-formed starch is phosphorylated (Blennow et al., 2000; . However, there is increased binding of GWD1 to starch granules and an increased rate of phosphorylation during the night, (Ritte et al., 2004) , supporting a wealth of phenotypic evidence for a role of GWD1 in starch breakdown (Caspar et al., 1991; Lorberth et al., 1998; Yu et al., 2001 ). Thus it is necessary to consider either that there is another mechanism regulating the redox state of GWD1 at night (such as NADPH dependent thioredoxins NTRs; Michalska et al., 2009) or that redox regulation is not a major regulatory feature in vivo. Interestingly, GWD1 is not the only starch-degrading enzyme which is redox regulated. Sparla and colleagues (2006) demonstrated that one of the two active stromal β-amylases (BAM1) is also activated by reduction. This prompts the same questions as for GWD1, as BAM1 has been shown to be involved in nighttime starch degradation in the leaf mesophyll tissues (Fulton et al., 2008) . However, an additional function was recently proposed for BAM1 in stomatal guard cells, where starch is believed to be degraded during the day to generate osmolites required for stomatal opening. In this case, redox-activation could be coupled to illumination (Valerio et al., 2011) . Glaring et al. (2012) recently provided evidence from in-vitro studies that an additional BAM isoform is also subject to redox-activation, together with AMY3, ISA1/ISA2 and LDA.
Feedback inhibition of an enzyme-catalysed reaction by its products is another common regulatory mechanism. Although not directly demonstrated so far, product-inhibition could play a role in controlling the rate of starch breakdown. Recently, it was shown in vitro that linear glucan chains can inhibit both the phosphorylation of glucans by GWD1 (Hejazi et al., 2009 ) and their subsequent dephosphorylation by SEX4 (Hejazi et al., 2010) . However, under normal growth conditions, longer soluble chains are hardly detectable during starch degradation making it unlikely that this is a major regulatory mechanism unless such chains occur at higher local concentrations inside the chloroplast (e.g. in close proximity to the starch granule surface). Evidence for product-inhibition also derives from mutants lacking proteins metabolising or transporting starch breakdown products. For example, blocking the export of maltose or its metabolism in the cytosol (by mutating MEX1 or DPE2 respectively) results in elevated maltose levels, but also increased starch amounts. This may result from the inhibition by maltose of one or more upstream enzymes. Furthermore, mutants lacking DPE1 also show a sex phenotype. It is plausible that maltotriose or other oligosaccharises may also feedback to inhibit starch hydrolytic activity. However, the concentrations of maltose or malto-oligosaccharides accumulating in these mutants are ex-tremely high and probably not physiological for a wild-type plant. It is therefore unclear whether smaller changes in concentrations could serve to fine tune the starch degradation machinery.
Diurnal and Circadian Regulation of Gene Transcription
Several of the genes encoding starch metabolising enzymes show diurnal changes in expression (Harmer et al., 2000; Chandler et al., 2001; Tenorio et al., 2003; Smith et al., 2004; Lu et al., 2005) . In particular, a set of about ten genes mostly involved in starch degradation have a very similar pattern of mRNA levels that peak at the end of the day, just prior to the onset of starch breakdown . In some cases, this expression was shown to be controlled by the circadian clock, such that when plants grown in a diurnal cycle were placed into continuous light, expression continued to oscillate with a 24-h periodicity (Harmer et al., 2000; Tenorio et al., 2003; Lu et al., 2005) . In contrast, placing plants into continuous darkness abolished expression (Lu et al., 2005) . The promoters of several of these genes contain a cis-regulatory 'evening element', through which this expression pattern is mediated (Harmer et al., 2000) . Interestingly, comparable diurnal changes for some of the orthologous genes in potato have also been observed, suggesting an evolutionarily conserved mechanism of transcriptional regulation (Ferreira et al., 2010) . Despite the evidence for strong diurnal/circadian regulation of transcription, the levels of the encoded proteins (when determined) generally do not fluctuate in the same way as the transcript, and instead remain relatively constant (Tenorio et al., 2003; Smith et al., 2004; Lu et al., 2005) . This suggests that post transcriptional control plays an important role in regulating starch metabolism. It is possible that the diurnal cycling of transcripts is important for medium-to long-term adjustment of protein levels (Gibon et al., 2004b) .
Despite the uncertainty over the significance of the circadian clock control of starch metabolic gene transcription, good evidence has been presented to show that the clock influences the fluxes into and out of leaf starch (Lu et al., 2005; Graf et al., 2010) . When Arabidopsis plants grown in short days were transferred to long days, or vice versa, they were able to adjust their rate of starch degradation immediately and appropriately. If presented with an early and therefore unexpectedly long night, degradation was slower than normal. If presented with an extended day, and therefore an unexpectedly short night, the degradation rate was higher (Lu et al., 2005) . It is difficult to see how the observed cycling of transcripts could explain such control. Further experiments with plants grown in abnormal diurnal cycles (17 h or 28 h rather than the normal 24 h) showed that wild-type plants were unable to adjust their starch metabolism appropriately . In 17-h cycles, plants always retained starch at the end of the night, whereas in 28-h cycles, plants always depleted their reserves after 24 h, before the end of the night. In the latter case, the depletion of starch was followed by the induction of starvation marker gene expression. In both abnormal cycles, growth was sub-optimal compared with plants grown in a 24-h diurnal cycle. Graf et al., (2010) also showed that plants lacking core components of the circadian clock (cca1lhy double mutants) had an altered pattern of starch degradation, with stores depleted before the end of the night, consistent with these plants having a short clock period.
Regulation by Protein Phosphorylation and Complex Formation
Further potential regulatory mechanisms include protein phosphorylation and the formation of multi-protein complexes . Phosphorylation is a common mechanism to control protein function. By changing protein conformation and properties, it can change enzyme specificity and/or and interaction with other proteins. Large-scale phosphoproteomic approaches in Arabidopsis have identified a number of starch metabolic proteins as putative phosphoproteins in vivo, including plastidial PGI, PGM1, AGPase, SS3, GWD1 and GWD2, DPE2, AMY3, BAM1 and BAM3, LDA, pGlcT and MEX1 (see Kötting et al., 2010 and references therein). The list can be further extended if all plant proteomic studies are included . Still the list is unlikely to be complete, as there is relatively little overlap between the phosphoproteomic studies that have been conducted to date, meaning that some phosphoproteins may have been missed. Currently, little is known about the effects of phosphorylation at the identified sites, though it seems likely that some of them are important for regulating starch metabolism.
Studies in maize and wheat endosperm showed that SS and BE isoforms occur in various combinations in protein complexes (Tetlow et al., 2004; Hennen-Bierwagen et al., 2008; . Furthermore, Tetlow et al., (2004) demonstrated that wheat endosperm BEs and starch phosphorylase assemble into a complex in a phosphorylation-dependent way. However, the protein kinases and phosphatases determining phosphorylation state, and therefore complex formation, remain to be identified. Comparable protein complexes have not yet been identified in Arabidopsis, although Sehnke et al. (2001) proposed that Arabidopsis starch metabolism could be regulated via 14-3-3 proteins, which preferentially bind phosphorylated proteins and mediate protein-protein interactions (Fu et al., 2000; Huber, 2007) . The involvement of 14-3-3 proteins in starch metabolism was based on the finding that they associate with starch granules and that repression of plastid-localized isoforms changed starch properties and content in Arabidopsis leaves. An independent study of barley endosperm proteins identified a wide range of putative interaction partners of 14-3-3 proteins, several of which were involved in starch metabolism (GBSSI, SSI, SSII, BEIIa, α-and β-amylases; Alexander and Morris, 2006) .
There are other intriguing proteins candidates which may be involved in protein complex formation. A recently-identified chloroplastic protein contains a carbohydrate binding module and a coiled-coil domain, but no obvious enzymatic domain (LohmeierVogel et al., 2008) . It was suggested that this protein might act as a scaffold, binding to starch with its CBM and interacting with other starch-related proteins via its coiled-coil domain. Another protein with a proposed regulatory function is LSF1. Although similar in sequence to the phosphoglucan phosphates SEX4 and LSF2, LSF1 appears to be inactive as a phosphoglucan phosphatase (Comparot-Moss et al., 2010) . Interestingly, this protein also has a carbohydrate binding module, allowing it to bind starch granules, and a putative protein-protein interaction domain of the PDZ-type. Recently it was discovered that LSF1 forms a stable complex together with the chloroplastic β-amylase BAM1, which may serve to target the β-amylase to phosphorylated regions on the granule surface during starch degradation (Umhang and Zeeman, unpublished data). Further investigations of protein complex formation are required for understanding their importance for starch metabolism.
Although progress is being made in understanding the regulation of starch metabolism, much more work is required before we will be able to appreciate how the perception of environmental and endogenous conditions (light intensity, period and quality, temperature, biotic and abiotic stresses, sugar status, developmental stage etc.) can cause changes in allocation into and out of the starch pool. This is important because the conditions used for plant growth in the laboratory (e.g. constant light intensity, day length, temperature, nutrient and water status) do not reflect the natural environment to which the plants have adapted.
THE USE OF ARABIDOPSIS STARCH MUTANTS TO STUDY OTHER BIOLOGICAL PROCESSES
The central position of starch in Arabidopsis carbohydrate metabolism means that mutants affected in its metabolism can be used to study other biological processes. For example, several studies have used low starch mutants as a tool to investigate the impact of carbon starvation on plant growth and global gene expression (Gibon et al., 2004a; Bläsing et al., 2005; Wiese et al., 2007) . As the mutant plants synthesise virtually no starch during the day, the buffering function is lost. Low starch plants accumulate higher levels of sugars during the day, but this only represents a small fraction of what accumulates as starch in the wild type. The sugars are rapidly depleted during the night, after which a starvation response occurs, with the induction of genes for lipid and protein degradation, and the repression of plants growth. This response is comparable to that seen when wild-type plants are kept in the dark beyond the end of a normal night (Gibon et al., 2004b; Usadel et al., 2008; Stitt et al., 2010) .
It has also been recognised that mutants impaired in starch metabolism have developmental phenotypes, such as altered leaf morphology or altered flowering time. Low-starch plants such as pgm1, adg1 and pgi, or plants that are unable to degrade their starch during the night as sex1 show retarded growth and flower later than the respective wild-types, particularly in short-day conditions (Caspar et al., 1985; Lin et al., 1988b; Eimert et al., 1995; Corbesier et al., 1998; Yu et al., 2000) . The late-flowering phenotypes are generally attributed to altered sucrose levels and transport of sucrose to the shoot apex. Thus they are probably indirect consequences of the defects in starch metabolism. This is consistent with experiments where applying sugars to the growth media was shown to revert the late-flowering phenotype in lowstarch pgi plants (Yu et al., 2000) or even induce early flowering, even if plants are grown in continuous darkness (Roldán et al., 1999) . However, high sucrose concentrations can delay rather than promote flowering (Ohto et al., 2001 ) and the role of sucrose in floral initiation is still controversial. Although the pathways of floral transition are well studied at genetic level (i.e. autonomous, vernalization, photoperiodic and the gibberellins pathway, Amasino, 2010) , it is unclear which of the different pathways are influenced by carbohydrate levels and the connection to starch metabolism has been mostly neglected.
Starch metabolism has also been implicated in the resistance to biotic and abiotic stresses, such as virus infection, extremes of temperature or drought stress (see Krasensky and Jonak, 2012 and references therein). Cold stress is a good example; Kaplan and Guy (2005) noted that the key intermediate of starch breakdown -maltose -increases rapidly in response to cold stress and suggested that it may serve to protect against photoinhibition (Kaplan and Guy, 2005) . Plants deficient in BAM3 activity did not accumulate maltose or other soluble sugars during cold acclimation, and displayed reduced photochemical efficiency following subsequent freezing stress. A further study revealed that the failure of the gwd1 mutant (sex1) to accumulate sugars in response to a cold acclimatory period also resulted in susceptibility to subsequent freezing treatment (Yano et al., 2005) . It seems likely that further investigations will reveal a central role for starch in the provision of metabolites and energy required to resist stress conditions. Starch mutants have also been used in the study of gravitropism; the ability of the plant to detect their organ orientation relative to gravity and direct root and shoot growth accordingly (Masson et al., 2002) . This is thought to occur in specialized cells (called statocytes) localized in the root cap (columella cells), and the endodermis of shoots and hypocotyls. The amyloplasts in these cells are thought to play a key role. The current view is that the amyloplasts respond rapidly to changes in the direction of gravity and sediment due to the high density of the starch they contain (around 1.5 g/cm 3 ) compared with the surrounding cytoplasm. Although the mechanism by which the repositioning of the plastids is sensed is still debated, it was clearly demonstrated that the presence of starch promotes this response. This was illustrated by the fast realignment of root growth towards the gravity force after reorientation of wild-type plants and the very slow response of pgm1 mutants, which containing no detectable starch in the columella cells. Further use of mutants with intermediate starch revealed a good correlation between starch content and gravitropic sensitivity (Caspar et al., 1985; Kiss et al., 1996) . The same mechanism seems to play a role in gravity sensing in stems (Weise and Kiss, 1999) and hypocotyls (Kiss and Edelmann, 1999) , where excess starch can even cause hypersensitivity to gravity (Vitha et al., 2007) 
UNRESOLVED QUESTIONS
There remain many gaps in our understanding of starch metabolism. For example, in the context of starch biosynthesis, the initiation and the control of granule form and size are aspects where our knowledge is sparse. Elucidating the functions of the biosynthetic enzymes at the molecular level does not provide a holistic understanding of these processes. Similarly, the molecular architecture of amylopectin is poorly defined. This is partly due to the fact that there is a complex interplay between the biosynthetic enzymes -as one enzyme acts, it produces, modifies or removes the substrate of the next, and vice versa. Added to this is the fact that each enzyme can act on a range of substrates rather than a single one. A compounding problem is that determining the actual structure of the amylopectin polymer is difficult, due to its uniform composition (i.e. just glucose units) and its branched nature. Analytical methods for parameters like chain length distributions give average measures, which can mask the structural heterogeneity that might underlie some of the features of the starch granule (see Zeeman et al., 2007) .
It is likely that the remaining questions can be addressed in the future with a combination of advanced cell biology, protein analysis, carbohydrate analytical methods, and systems-level modelling. Knowledge of the precise localisation of the enzymes of starch biosynthesis within plastids and the possible proteinprotein interactions between them may give critical insight into how their activities are orchestrated. Accurate kinetics, substrate preferences, regulatory properties and three-dimensional structures of the Arabidopsis enzymes would also be of great value. This information, combined with a better understanding of amylopectin structure (in particular, the relative positioning of the branch points) should allow more refined models of amylopectin biosynthesis to be generated and tested. This type of information would complement the use of Arabidopsis as an excellent genetic system for studies of starch biosynthesis. Further goals should be to determine the generality of the models derived from Arabidopsis work in other model and non-model systems and to use the knowledge we have to improve starch crops. Furthermore, it should be possible, once the core set of protein components has been identified, to recreate starch granule biosynthesis in a heterologous system or in vitro. This should allow the biosynthetic apparatus to be manipulated and understood in much greater detail.
Some of the issues raised above for starch synthesis also apply to the pathway of starch degradation (e.g. the interdependency of the enzymes and the fact that they can work on a range of substrates). It is also a major challenge to study and understand the process that occurs at the interface between a semicrystalline substrate and the soluble phase (i.e. the granule and the plastid stroma, respectively). It is necessary to consider the association and dissociation of enzymes with the substrate surface, and their ability to modify it (e.g. through phosphorylation or hydrolysis) to allow subsequent access of other enzymes. There are some parts of the pathway of starch breakdown where far too little is known. The nature and metabolism of the proposed cytosolic heteroglycan is one such example. While we have an overview of the heteroglycan composition and its suitability as a substrate for DPE2 and PHS2, we know nothing about its structure, location in the cytosol or biosynthesis pathway.
The regulation of starch metabolism also remains a subject where more information is needed. Although some important control points have been identified (such as AGPase), together with regulatory features of the enzymes (e.g. allosteric or redox regulation), intermediate steps between the perception of endogenous and/or exogenous cues and the control of flux into and out of starch still need to be characterised. It is likely that signal transduction and response mechanisms will involve central integrators that not only control starch metabolism, but also other metabolic pathways and overall plant growth (e.g. the circadian clock, SnRK1 kinases; Baena-González et al., 2007; Graf et al., 2010) . Perturbations in such core signalling processes are likely to result in the establishment of new equilibriums in plant growth and metabolism, with downstream or pleiotropic changes contributing significantly to the overall phenotype. Dissecting the components of complex responses may prove challenging.
Pleiotropic effects can influence the phenotypes of mutants affected in starch metabolism. For example, some starch-excess plants partition less carbon into starch than wild-type plants, partly compensating during the day for their inability to mobilise starch effectively at night (Zeeman and ap Rees, 1999) . However, it is unclear how this change in partitioning is brought about. By offering an overview, high-throughput analytical tools (e.g. transcriptomics, proteomics, etc.) can help to reveal correlations that could potentially explain the system behaviour. When coupled with investigative molecular genetic techniques and accurate metabolic measurements, it should be possible to test these correlations and begin to understand better the control loops that integrate metabolism.
Bläsing, O.E., Gibon, Y., Günther, M., Höhne, M., Morcuende, R., Os
